INTRODUCTION
Intestinal fibrosis is a common complication of several enteropathies with distinct pathophysiology, such as inflammatory bowel disease (IBD), radiation enteropathy, graft-versus-host disease, collagenous colitis, eosinophilic enteropathy, drug-induced enteropathy, cystic fibrosis, intraperitoneal fibrotic adhesions or desmoplastic reactions in gastrointestinal tumors leading to intestinal stenosis and obstruction. Of these enteropathies, IBD is the main cause of intestinal fibrosis as this disease is characterized by a persistent immunemediated intestinal inflammation [1, 2] . It becomes clinically apparent in more than 30% of patients with Crohn's disease and in about 5% patients with ulcerative colitis. This review will highlight recent developments in the mechanisms of this complication and discuss what future therapies are available from organs other than the gut.
MORPHOLOGY AND MECHANISMS OF INTESTINAL FIBROSIS
Crohn's disease-associated strictures are frequently unresponsive to any of the current anti-inflammatory drugs for Crohn's disease and require alternative therapeutic approaches like endoscopic balloon dilation [3 & ], strictureplasty or bowel resection, and often recur after resection [2, 4, 5] . Clinically, the Crohn's disease fibrostenotic stricture needs to be distinguished from inflammation-related bowel wall thickening that may respond to anti-inflammatory therapy; the two often coexist, and their distinction is difficult as intestinal fibrosis follows the distribution and location of inflammation [6] . In Crohn's disease, fibrosis can involve the full thickness of the bowel wall [4, 7] . It affects any part of the gastrointestinal tract and results in narrowing of the lumen leading to strictures that frequently cause intestinal obstruction. It has recently been reported that the smooth muscle hyperplasia/hypertrophy contributes to the majority of the Crohn's disease stricturing phenotype, whereas fibrosis may be less significant [8 In ulcerative colitis, extracellular matrix (ECM) deposition was believed to be restricted to the mucosal and submucosal layers of the large bowel and could be responsible for diarrhea and tenesmus even in the absence of inflammation [9] . This paradigm has recently been questioned by Ippolito
Increased levels of ECM were observed throughout the full thickness of the inflamed colonic wall in long-lasting ulcerative colitis, together with a cellular fibrotic switch in the tunica muscularis, which may be responsible for the colon tubular appearance and dysmotility. An upregulation of RAS homolog gene family member A (RhoA) expression in muscle layers was found. RhoA signaling plays a relevant role in the fibrogenic differentiation of intestinal smooth muscle cells (SMCs) [10 & ,11], and novel approaches to antifibrotic strategies have been investigated by pharmacologic modulation of the RhoA pathway [12] .
Fibrosis is a consequence of local chronic inflammation and is characterized by excessive ECM protein deposition [1, 2, 6] . ECM is produced by a transient or permanent numerical expansion of activated myofibroblasts, which are modulated by both profibrotic and antifibrotic factors. Although in other organs, the source of ECM-producing myofibroblasts is restricted to a few cell types, in the intestine the situation is more complicated as multiple cell types may become activated ECM-producing myofibroblasts [1, 2, 6, 13] . These cells derive not only from resident mesenchymal cells (fibroblasts, subepithelial myofibroblasts and SMCs) but also from epithelial and endothelial cells (via epithelial-mesenchymal transition/endothelialmesenchymal transition), stellate cells, pericytes and bone marrow stem cells. Myofibroblasts are activated by a variety of mechanisms including paracrine signals derived from immune and nonimmune cells, autocrine factors secreted by myofibroblasts, pathogen-associated molecular patterns derived from microorganisms that interact with pattern recognition receptors such as Toll-like receptors (TLRs) and the so-called damage-associated molecular patterns derived from injured cells, including DNA, RNA, ATP, high-mobility group box proteins, microvesicles and fragments of ECM molecules [1, 14] [23, 24] . Transforming growth factor (TGF)-b1, the main driving factor of fibrosis, and insulin-like growth factor 1 (IGF) were found to promote the growth of SMCs [25, 26] . In fibrostenotic Crohn's disease, TGF-b1 induces IGF-I and mechano growth factor production in intestinal smooth muscle and results in muscle hyperplasia/hypertrophy and collagen I production that contribute to stricture formation [27] . Furthermore, noncanonical signal transducer and activator of transcription 3 (STAT3) activation regulates excess TGF-b1 and collagen I expression in muscle of stricturing Crohn's disease [28] . A complex interaction between the ECM and SMCs may exist, suggesting that sequential changes characterized by chronic inflammation driving fibrosis lead to smooth muscle hyperplasia/hypertrophy. All these data are indicative of an important role of SMCs in Crohn's disease-associated 'fibrostenosis', and this could also explain the promising results of treatment with pneumatic dilation and strictureplasty [5] , which could act directly on the narrowing and stiffness of stenosis induced by the abnormal contractile activity of muscle hyperplasia/ hypertrophy.
KEY POINTS
Intestinal fibrosis is a serious clinical problem.
No specific antifibrotic therapy exists.
Novel mechanisms are being discovered contributing to stricture formation in IBD.
Multiple antifibrotic compounds are becoming available from other organs, such as the lung, the liver and the kidney.
Novel developments in clinical trial endpoints put the clinical development of antifibrotic drugs within reach.
Fibrosis depends on the balance between the production and degradation of ECM proteins. ECM degradation is mediated by matrix metalloproteinases (MMPs), and the fine balance between MMPs and tissue inhibitor of metalloproteinases (TIMPs) appears to be altered in intestinal fibrosis [1, 2, 6, 13, 14] (Fig. 1) . It is unclear, however, which specific MMPs and TIMPs are involved in fibrosis and how they are regulated. In addition to playing a central role in ECM turnover, MMPs proteolytically activate or degrade a variety of nonmatrix substrates including chemokines, cytokines, growth factors and junctional proteins. Thus, they are increasingly recognized as critical players both in inflammatory response and fibrogenesis [29, 30] . In fact, inhibition of MMP-9 can prevent experimental fibrosis in mice [31 & ].
The composition and stiffness of fibrotic tissue appears to be involved in the progression of fibrosis [1, 2, 6, 13, 14] . Tissue stiffness is determined by the composition and contraction of the ECM, as well as by the contractility of fibroblast, myofibroblasts and SMCs. The ECM is the storage site for cytokines and fibrotic growth factors, including TGF-b. These can be released and promote myofibroblasts activation as well as deposition and cross-linking of ECM components changing its local mechanical properties and making it stiffer [32, 33] . Interestingly, insightful observations, made in in-vitro studies, suggest that stiffness of intestinal tissues can trigger morphological and functional changes in human colonic fibroblasts and myofibroblasts, from a nonproliferative to an activated fibrogenic myofibroblast phenotype [32] [33] [34] . In this light, a stiff ECM could be considered not only as a result, but also as a source of tissue fibrosis in IBD, with a critical role in further progression of fibrosis (Fig. 2) .
CLINICAL OBSERVATIONS SUGGESTING REVERSIBILITY OF INTESTINAL FIBROSIS
The conventional view that intestinal fibrosis is an inevitable and irreversible process in patients with IBD is gradually changing in light of an improved understanding of the cellular and molecular mechanisms that underline its pathogenesis [1, 2, 4] . The concept of intestinal fibrosis has changed from being a static and irreversible entity to a dynamic and reversible condition, as seen in other organs including the skin, the kidney, the lung, the heart and the liver, in which fibrosis has been shown to be reversible [35] . Novel observations indicate that established intestinal strictures are reversible [35] . After performance of strictureplasty in Crohn's disease, fibrosis regression at the site of the prior stricture can be observed [36] , and fibrosis recurrence at a strictureplasty site is a rare event [37] . On serial ultrasound examinations after strictureplasty, a reduced thickness and inflammation of the intestinal wall was found [38] .
PROMISING THERAPEUTIC STRATEGIES FROM OTHER ORGANS THAN THE GUT
Knowledge about mechanisms of intestinal fibrosis significantly lags behind that of other organs such as the liver, the kidney or the lung. The concept that control of sustained injury can reduce fibrosis was shown in liver cirrhosis with the emergence of successful therapies against Hepatitis B virus (HBV) or Hepatitis C virus (HCV), as well as with better control of liver injury of other causes [39] . Up to 70% of patients with HBV or HCV cirrhosis show [40, 41] . Aside removing the trigger of injury, targeting the activation of myofibroblasts and deposition of ECM is promising. The tyrosine kinase inhibitor sorafenib is approved for hepatocellular carcinoma therapy and targets broad signaling pathways of fibrosis. Multiple proliferative cytokines, including platelet-derived growth factor (PDGF), fibroblast growth factor and TGF-b, signal through tyrosine kinases. Sorafenib has been shown to be antifibrotic in experimental liver cirrhosis [42] . Other examples for drugs targeting the same mechanism include imatinib [43] and nilotinib [44] . Downstream intracelluar targets include Rho associated protein kinase (ROCK), a kinase involved in the shape and movement of the cytoskeleton. Inhibition of ROCK reduced liver fibrosis [45] . To choose a global approach for rendering future targets for antifibrotic therapy, Wang et al. used whole genome expression arrays in liver biopsy samples from chronically HBVinfected patients. This unbiased approach followed by a functional analysis revealed integrin subunit b-like 1 as a crucial regulator of fibrogenesis [46 & ].
Reversal of intestinal fibrosis
A concept that has been explored in the liver, but not intestinal fibrosis, is the pleiotropic and divergent action of macrophages, depending on the stage of fibrosis development. In the early stages of liver fibrosis, macrophages may act in a profibrogenic fashion through TGF-b and PDGF-mediated hepatic stellate cell activation. Macrophage depletion during the injury phase of experimental liver fibrosis resulted in decreased scarring and reduced numbers of myofibroblasts [47] . In contrast, their depletion during the recovery phase of experimental liver fibrosis resulted in impaired scar resolution [47] , indicating that this cell type has not only a role in initiation, but also in resolution of fibrosis depending on the timing of action. One possible mechanism could be mediated through the scavenger receptor stabilin-1 on marcrophages. Deficiency of stabilin-1 increased the expression of chemokine (C-C motif) ligand 3 (CCL3), exacerbated induction of fibrosis and delayed resolution during the recovery phase of experimental liver fibrosis. This is a novel pathway, in which a failure to remove fibrogenic products of lipid peroxidation via a scavenger receptor drives fibrosis [48 && ]. In kidney fibrosis, angiotensin II has been identified as a principal mediator of disease progression, acting via TGF-b. Inhibitors have shown promise in experimental models and humans [49] [50] [51] , and this effect is independent of changes in blood pressure, making this therapy potentially transferable to IBD. Systemic inhibition of the chief profibrotic mediator TGF-b1 poses a challenge due to possible side effects of inflammation and neoplasia, which is of particular concern in IBD. One possible approach is the inhibition of cell surface activation of TGF-b1 through blockade of the integrin receptor aVb6 that is upregulated only in areas of injury and essential for its activation. Integrin antagonists have shown promise in experimental pulmonary fibrosis [52] [54] . Tumor protein p53 has been implicated in renal fibrogenesis. Yang et al. [55 & ] recently provided a mechanism by which p53 blockade attenuated experimental kidney fibrosis. It appears to signal through the microRNA miR-199a-3p, suppressor of cytokine signaling 7 and STAT3, and the changes in this pathway could be recapitulated in human kidney fibrosis.
Aging promotes inflammation, fibrosis and decline in organ function, as seen in cardiac fibrosis. Peptidylarginine deimidase 4 (PAD4) is a regulator of the release of neutrophil extracellular traps (NETs), an important feature of acute inflammation. Martinod et al. found increased NETs with aging associated with fibrosis, and this observation could be prevented by deletion of PAD4 in experimental models of cardiac fibrosis. This suggests that PAD4 regulates age-related organ fibrosis and could be a novel antifibrotic target [56
&&
]. The field of fibrosis has undergone transformation in the recent years. Significant strides have been undertaken to define and refine trial endpoints, leading to two new molecules approved for clinical use in idiopathic pulmonary fibrosispirfenidone and nintedanib [57] . Pirfenidone combines antifibrotic and anti-inflammatory properties. It led to a 22.8% relative reduction in the decline of the forced vital capacity (FVC) and 26% improvement in progression-free survival [58] . When focusing on patients most benefitting from treatment, the relative reduction in FVC decline increased to 47.9% [59] . Nintedanib, a tyrosine kinase inhibitor, led to a 68.4% drop in the rate of annual FVC decline compared with placebo [60] . Further clinical trials confirmed this efficacy [61] . Taken together, this suggests that antifibrotic therapy is able to delay progression of lung fibrosis. One promising new concept is to facilitate tissue restitution to break the cycle of injury and repair leading to fibrosis. Liang et al. [62 && ] detected that the ECM component hyaluronan and TLR4 are critical in promoting type 2 alveolar epithelial cells, stem cells of the adult lung, augmenting repair of lung injury and limiting the amount of fibrosis. The concept of targeting injury and repair is not restricted to the epithelium. Repetitive lung injury activates pulmonary capillary endothelial cells, promoting fibrosis through downregulation of the chemokine receptor C-X-C chemokine receptor (CXCR7). Administration of CXCR7 agonist after experimental lung injury promotes lung repair and ameliorates fibrosis [63] .
CONCLUSION
Despite the wealth of knowledge of fibrogenic mechanisms in the gut and elsewhere, the availability of various animal models and indication that fibrosis is reversible in other organs, such as the lung, there is no antifibrotic available for IBD. The clinical problem is significant, affecting approximately 50% of patients with Crohn's disease [2] , and antifibrotic therapy would likely be chronically administered making this an attractive area for pharmaceutical companies. Nevertheless, there has not been a single trial for an antifibrotic in IBD to date. The field of intestinal fibrosis faces comparable obstacles with that of lung fibrosis about a decade ago: the time from disease onset to development of clinically apparent fibrosis is long; fibrosis clinically presents in late stages; there are no reliable biomarkers for prediction, amount of fibrosis or response to therapy; and clincial trial endpoints are soft and nonvalidated.
From a perspective of a clinical trial in intestinal fibrosis, a starting point would likely be already established fibrosis, given the lack of biomarkers that allow stratification of patients into high-risk groups for progression to fibrosis. This way, the long duration from disease onset to clinically apparent fibrosis can be circumvented, and instead reversal or lack of progression of already established fibrosis may be an appropriate endpoint. Utmost care should be exercised to select a population without the copresence of internal penetrating disease due to unclear effects of therapies that influence tissue remodeling in these patients.
The biggest challenge lies in the selection of the clincial trial endpoints. The ideal endpoint should be noninvasive and correlate with a clinically relevant outcome. Several promising imaging techniques exist. Delayed enhancement MRI, which measures the contrast enhancement over a 7-min period, has shown its ability to distinguish severe from moderate or mild fibrosis, but it is not able to separate mild from moderate fibrosis [64 && ]. This technique uses altered tissue perfusion as a surrogate marker of intestinal fibrosis. Changes in tissue elasticity associated with fibrosis can be measured via ultrasound elastography, determining the 'hardness' or 'softness' of tissues [65] . Shear wave elastography generates an ultrasonic pressure wave that correlates with tissue density and stiffness [66] . Magnetization MRI (MT-MRI) has shown promise in animal models of intestinal fibrosis, and pilot studies in humans demonstrate feasibility for separation of fibrosis and inflammation in stricturing Crohn's disease [67, 68] . A different approach is the direct detection of macromolecules, specifically collagen. MT-MRI is a technique that evaluates the exchange of protons between fixed macromolecules and surrounding water within a tissue [69] .
Ultimately, the approach to therapy of intestinal fibrosis will be multimodal: we need to eliminate the primary cause of injury, improve control of the underlying intestinal inflammation and prevent or reduce tissue injury, target accumulation of ECM by blocking profibrotic mediators and intracellular signaling pathways and promote of the resolution of fibrosis (Table 1) . Putative drugs treating established fibrosis can include agents able to reduce the activation of ECM-producing cells and their profibrogenic properties (proliferation, motility, ECM Reversal of intestinal fibrosis Latella and Rieder deposition and contraction), agents with proapoptotic effect for ECM-producing cells and agents able to increase ECM degradation (Fig. 3) . Although there is no specific medical therapy to treat fibrotic intestinal strictures, multiple compounds are now in clinical development or clinical practice in other organs than the intestine that could be employed in Crohn's disease and may represent an entirely new class of drugs in the armamentarium of IBD therapy.
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